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Summary
Background: Activity-dependent competition that op-
erates on branch stability or formation plays a critical
role in shaping the pattern and complexity of axonal ter-
minal arbors. In the mammalian central nervous system
(CNS), the effect of activity-dependent competition on
axon arborization and on the assembly of sensory
maps is well established. However, the molecular path-
ways that modulate axonal-branch stability or formation
in competitive environments remain unknown.
Results: We establish an in vivo axonal-competition
paradigm in the mouse olfactory system by employing
a genetic strategy that permits suppression of neurose-
cretory activity in random subsets of olfactory sensory
neurons (OSNs). Long-term follow up confirmed that
this genetic manipulation triggers competition by re-
vealing a bias toward selective stabilization of active
arbors and local degeneration of synaptically silent
ones. By using a battery of genetically modified mouse
models, we demonstrate that a decrease either in the
total levels or the levels of activity-dependent secreted
BDNF (due to a val66met substitution), rescues silent
arbors from withering. We show that this effect may be
mediated, at least in part, by p75(NTR).
Conclusions: We establish and experimentally validate
a genetic in vivo axonal-competition paradigm in the
mammalian CNS. By using this paradigm, we provide
evidence for a specific effect of BDNF signaling on
terminal-arbor pruning under competition in vivo. Our
results have implications for the formation and refine-
ment of the olfactory and other sensory maps, as well
as for neuropsychiatric diseases and traits modulated
by the BDNF val66met variant.
Introduction
The formation of functional neural networks requires
precisely orchestrated regulation of the topographic
projections of axons, as well as of the growth and
branching of their terminal arbors; such branching is
often modulated by neural activity [1]. In particular,
*Correspondence: jag90@columbia.edu
5 These authors contributed equally to this work.activity-dependent competition that appears to operate
by affecting branch stability or formation of new
branches plays a critical role in shaping the pattern
and complexity of axonal terminal arbors in the mamma-
lian peripheral motor axons [2] and the visual system of
lower vertebrates, such as theXenopus [3] and zebrafish
optic tectum [4].
In the mammalian central nervous system (CNS), the
effect of activity-dependent competition on the assem-
bly of sensory systems is well established [5], and an
understanding of this effect at the level of individual ar-
bor arborization has been gained in considerable detail,
especially in the visual system [6]. Experiments involving
reconstruction of single afferent arbors revealed that dif-
ferential growth and selective pruning of afferent arbors
is likely to underlie, at least in part, the functional effects
of activity-based competition in the visual cortex during
the critical period [7–9].
In the olfactory system, a number of recent genetic
experiments began to reveal a prominent role of activ-
ity-based competition on OSN survival and targeting
[10–13]. However, whether and how competition func-
tions in vivo during the growth and branching of the
olfactory terminal arbors is unknown.
The molecular pathways and retrograde signals that
modulate branch stability or formation of new branches
in a competitive milieu remain largely unknown. Estab-
lishment of robust in vivo competition paradigms that al-
low investigation at the individual arbor level and can
reliably dissociate genuine competition-driven effects
from other nonspecific ones are important in efforts to
identify molecular pathways that mediate competition-
driven axonal arborization. Here, we establish such an
in vivo competition paradigm in the mouse olfactory
system by employing a previously described genetic
strategy [11] that permits temporally and spatially con-
trolled suppression of neurosecretory activity in random
subsets of OSNs by the expression of tetanus toxin
light chain (TeTxLC). We analyze the long-term conse-
quences of blocking neurotransmitter release in individ-
ual olfactory axons and demonstrate the morphological
consequences of such activity perturbation at the level
of individual axon arbors and their branches. By using
a battery of genetically modified mouse models, we
demonstrate that a decrease either in the total levels
or the levels of activity-dependent secreted BDNF (due
to a val66met substitution), as well as a decrease in
the levels of the neurotrophin receptor p75(NTR), res-
cues silent arbors from withering within this competitive
environment.
Results
A Genetic Strategy to Trigger Competition
We employ a genetic strategy [14] that permits tem-
porally and spatially controlled suppression of neuro-
secretory activity in subsets of mature OSNs by the
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912Figure 1. Terminal-Arbor Complexity in LF-and HF-TeTxLC Lines
(A) A genetic strategy to trigger competition. A schematic illustration of the induced expression of tetanus toxin light chain (TeTxLC) in olfactory
sensory neurons is shown. Compound heterozygotes containing OMP-IRES-tTA and tetO-TeTxLC-IRES-tau-lacZ alleles will express tetanus
toxin and tauLacZ in the absence of doxycycline and trigger competition in the LF-TeTxLC but not in the HF-TeTxLC lines. Representative
low-magnification images from the olfactory bulb and olfactory epithelium of LF-TeTxLC and HF-TeTxLC lines are shown at the bottom.
(B) Sample images depicting postnatal development (P6–P30) of OSN-axon terminal arbors either in transgenic mice expressing TeTxLC to-
gether with tauLacZ at a low frequency (LF-TeTxLC, bottom panels) or in control mice expressing tauLacZ only, at a low frequency (LF-tauLacZ,
top panels). In each panel, one axon arbor labeled with a b-gal antibody is shown in green. We used confocal-microscopy-mediated reconstruc-
tion of the terminal arbors of individual OSN axons in preparations from postnatal days 0, 4, 6, 10, 14, and 30. Identical patterns of terminal-arbor
pruning were observed in three independently founded LF-TeTxLC lines (data not shown). Insert in the P14/LF-TeTxLC image depicts a wild-type
DiI-labeled (red) active axon arbor, representative of the majority of axon arbors in the LF-TeTxLC line at P14. Because the probability of observ-
ing adjacent b-gal or DiI positive axons is prohibitively low, we have not been able to determine whether withdrawal of the synaptically silent
arbors is accompanied by expansion of their active neighbors. The scale bar represents 20 mm.
(C) Images depicting postnatal development (P6–P30) of OSN-axon terminal arbors in either transgenic mice expressing TeTxLC together with
tauLacZ at a high frequency in greater than 70%–80% of OSNs (HF-TeTxLC) (bottom panels) or in control mice expressing tauLacZ only at a high
frequency (HF-tauLacZ) (top panels). In each panel, one arbor labeled with the lipophilic tracer DiI is shown in red. The scale bar represents
20 mm.
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913expression of TeTxLC. We have previously described
a mouse line that, when crossed to an olfactory marker
protein (OMP)-IRES-tTA line, can direct conditional ex-
pression of TeTxLC and tau-lacZ under the control of
the tetO operator (tetO-TeTxLC-IRES-tau-lacZ) in the
majority (w70%–80%) of mature OSNs. By using this
line, we established that widespread expression of
TeTxLC in OSNs results in depletion of synaptobrevin
(VAMP2), efficient blocking of synaptic vesicle recycling,
and efficient blocking of postsynaptic mitral-cell activa-
tion in the olfactory bulb (OB) [11]. We will refer to this
line as a high-frequency-expressing line (HF-TeTxLC).
We have now generated tetO-TeTxLC-IRES-tau-lacZ
mouse lines that, when crossed to the same OMP-
IRES-tTA line, can direct expression of TeTxLC and
tau-lacZ at low frequency and, in a sparse mosaic pat-
tern, in a subset (%1%) of OSNs (Figure 1A, see also
the Supplemental Experimental Procedures available
online). Expression of the axonal marker tau-lacZ in
a small number of OSNs generates a ‘‘Golgi-like’’ pattern
that allows visualization of the complexity of the terminal
arbors (Figure 1). We will refer to these lines as low-
frequency-expressing lines (LF-TeTxLC). In addition,
we established several control founder transgenic lines
permitting tetO-dependent expression of tau-lacZ at
low frequency (LF-tauLacZ) or high frequency (HF-
tauLacZ). It is not possible to directly assess VAMP2-
cleavage and synaptic transmission in individual silent
arbors in the LF- lines, but comparison with the expres-
sion level in the HF-TeTxLC lines shows that although
the number of expressing neurons is drastically lower
in the LF-TeTxLC lines, the level of transgene expression
per neuron (Figure S1) is identical.
Reduction of Terminal-Arbor Complexity
in LF-TeTxLC but Not in HF-TeTxLC Lines
First, we examined the consequences of inhibition of
synaptic release on terminal arborization during the
postnatal development of olfactory synapses. Axon ar-
bors were evaluated by the number of branch points
and the total branch length [15]. Consistent with previ-
ous results in rats [15], analysis of individual axons in
control LF-tauLacZ lines revealed a rapid increase in
the complexity of terminal arbors from P0 to P6 (data
not shown), and this was followed by a plateauing of
the variables to the adult values, without any evidence
of pruning an initially exuberant arborization (Figure 1B,
top panel). At this point, OSN axons give rise to a com-
plex arbor of branches that is limited in the number of
branch points (6.6 6 0.19) per axon arbor and in total
length (231.6 6 11.9 mm) (Figures 1D and 1E). The intra-
glomerular region supplied by each labeled terminal
arbor is generally randomly distributed within the glo-
merular structure but spatially restricted. Similar analy-
sis of individual axons in LF-TeTxLC lines showed that
the number of branches and the total length of branchesalso matured to normal adult levels from P0 to P6 (data
not shown). After P6, however, the terminal-arbor com-
plexity started to decrease dramatically, resulting in
a relatively simple arborization pattern by day P14 (Fig-
ure 1B, bottom panel) with 1.96 6 0.17 branches per
axon arbor (p = 5.67E-8) and an average total length of
153.296 13.16 mm (p = 0.002) (Figures 1D and 1E). More-
over, as expected, the majority of wild-type active axons
from LF-TeTxLC lines labeled with the lipophilic dye DiI
demonstrated a wild-type pattern of terminal-arbor
growth (Figure 1B, insert).
We also measured the arbor growth of activity-
suppressed cells in the HF-TeTxLC line where the
synaptic activity of nearby axons is also suppressed
(see Supplemental Data). In contrast to the LF-TeTxLC
lines, this analysis failed to reveal any decrease in the
pattern of complexity of terminal arbors at any point
during the postnatal development of the olfactory sys-
tem in the HF-TeTxLC line (Figure 1C). Indeed, inhibition
of synaptic release in a noncompetitive environment re-
sulted in a modest increase of the number of terminal
branches compared to that of the control (Figures 1F
and 1G; see also Supplemental Data). Thus, presynapti-
cally inactive axons fare differently when confronting
many other normally active axons from when mingled
with other neighboring weak inputs. This observation
confirms the presence of activity-based competition in
LF-TeTxLC lines.
A Permissive Effect of NMDA-Receptor Activity
on Competition among Terminal Arbors
We asked whether the reduction of inactive branches in
LF-TeTxLC lines is merely a passive consequence of
presynaptic inactivity of the losing terminals or, rather,
requires formation of functional synapses between
‘‘winning’’ active axons and postsynaptic neurons. We
addressed this question indirectly by investigating
whether the effect of activity-based competition on ol-
factory-axon branching is governed by postsynaptic
NMDAR-dependent activity as has been demonstrated
in lower vertebrates [16]. To this end, we reconstructed
terminal arbors from LF-TeTxLC, LF-tauLacZ, and HF-
TeTxLC animals treated during early postnatal life with
MK-801, a blood-brain-barrier-permeable noncompeti-
tive NMDAR antagonist that selectively blocks open
NMDAR channels (see Supplemental Data). MK-801 at
0.25 mg/kg [17], or saline, was administered systemi-
cally during P6–P10, a period that coincides with the on-
set of inactive branch destabilization observed in the LF-
TeTxLC mice. Analysis of individual axons in LF-TeTxLC
lines treated with MK-801, or vehicle, showed that, as
described above, all tested arbor-complexity parame-
ters plateaued at normal adult levels at approximately
P6. At this point, however, analysis of individual axonal
arbors in MK-801-treated mice failed to reveal the dra-
matic decrease in complexity observed in saline-treated(D and E) Evaluation of terminal-arbor complexity in OSN axons from LF-TeTxLC mice (n = 5) or control LF-tauLacZ mice (n = 5). Axonal arbors
were analyzed for the number of branch points per arbor (D) and the total branch length per arbor (E). A minimum of ten axonal arbors from each
animal were scanned, reconstructed, and quantitatively analyzed.
(F and G) Evaluation of terminal-arbor complexity in OSN axons from HF-TeTxLC mice (n = 5) or control HF-tauLacZ mice (n = 5). At least ten
terminal arbors per animal were analyzed for the number of branch points per arbor (F) and the total branch length per arbor (G).
Results are presented as mean6 SEM. A single asterisk indicates p < 0.05, and double asterisks indicate p < 0.01. Sample images were selected
as representative of the changes of arbor complexity.
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(A) Sample images depicting the fate of OSN-axon terminal arbors in LF-TeTxLC (top panel), control tauLacZ (middle panel), and HF-TeTxLC
(bottom panel) transgenic mice after systemic administration of MK-801, or saline, during P6–P10. Two time points after the last injection
were examined, as indicated. Note that after the termination of MK-801 administration, individual axonal arbors in MK-801-treated mice fail
to reveal the dramatic decrease in complexity observed in saline-treated or untreated LF-TeTxLC mice. By contrast, 4 weeks after cessation
of MK-801 administration and clearance of the drug, simple degenerating terminals reappear. The scale bar represents 20 mm.
(B and C) Analysis of ORN-axon-terminal-arbor complexity of tauLacZ control mice (n = 6), LF-TeTxLC (n = 5) mice, and HF-TeTxLC (n = 5) mice
that received MK-801 injections during P6–P10 and were examined 4 days or 4 weeks after injection. (B) shows the number of branch points; and
(C) shows the total branch length.
A single asterisk indicates p < 0.05, and double asterisks indicate p < 0.01. Results are presented as mean + SEM.or untreated LF-TeTxLC mice (Figure 2A). Rather, after
the termination of MK-801 administration, the number
of branches remained stable at normal levels over a pe-
riod of at least four days (P10–P14) (Figures 2B and 2C).
By contrast, 4 weeks after cessation of MK-801 adminis-
tration and clearance of the drug, simple degenerating
terminals reappeared at very high frequencies (Figures
2A–2C), consistent with our finding that mature synap-
ses are also susceptible to the effects of competition
(L.C. and J.A.G., unpublished data). Thus, activation of
postsynaptic NMDAR by ‘‘winning’’ active axons can
influence or help mediate competition-induced wither-
ing of inactive axon arbors. Therefore, by allowing com-
petition-induced presynaptic rearrangements to unfold,
postsynaptic NMDAR-dependent signaling appears to
play a permissive role in this process.
In contrast to the dramatic effects on the stability of
presynaptic axonal branches in LF-TeTxLC lines, sys-
temic treatment with the NMDAR blocker was generally
insufficient to influence substantially axon-arbor mor-
phology in control LF-tauLacZ mice (Figure 2A). Specif-
ically, similar systemic treatment with MK-801 during
P6–P10 of control LF-tauLacZ mice resulted in a modest
increase in the number of branches as compared to sa-
line-treated control lines (from approximately seven to
nine branches per axon, p = 0.029) (Figure 2B). The totalbranch length did not change significantly (p = 0.93)
(Figure 2C) because of a concomitant decrease of
the average branch length (from 33.15 6 2.48 mm to
25.44 6 2.48 mm, p = 0.017). Notably, this response of
the control mice to global postsynaptic blockade is
analogous to the one observed after global presynaptic
inhibition in HF-TeTxLC lines. This observation strongly
suggests that the effect observed in the latter case is
likely to be mediated via decreased activation of post-
synaptic NMDA receptors. Consistent with this interpre-
tation, analysis on the effects of systemic MK-801
administration to the HF-TeTxLC line failed to reveal any
significant additional changes in the arbor complexity
(Figures 2A–2C).
Activity-Based Competition Results in Local
Degeneration of Inactive Branches
Genetic manipulations that result in a competitive envi-
ronment in the olfactory epithelium and bulb may even-
tually affect neuronal health and survival [10, 12, 13] and
thus indirectly affect terminal-arbor rearrangements.
However, we found no evidence of increased cell death
in the olfactory epithelium of LF-TeTxLC mice (see Sup-
plemental Data and Figure S3). We therefore asked
whether instead of cell death, activity-based competi-
tion leads to local elimination of inactive branches,
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915Figure 3. Competition Results in Local Degeneration of Inactive Branches
(A) Image of an OSN-axon terminal arbor from LF-TeTxLC transgenic mice, carrying large axonal varicosities (LAVs, indicated by white arrow-
heads) with an oval or spherical shape. The scale bar represents 20 mm.
(B) Frequency distribution of terminal arbor LAVs in LF-TeTxLC mice (n = 78 arbors) and control LF-tauLacZ mice (n = 60 arbors). Note the striking
difference between the two distributions.
(C) Density (number per 100 mm) of LAVs in OSN-axon terminal arbors of LF-TeTxLC mice and control LF-tauLacZ mice. Double asterisks indicate
p < 0.01.
(D and E) Ultrastructural analysis of terminals on arbors. Camera-lucida drawings (D) and electron micrographs (E) from LF-tauLacZ mice (Da and
Ea–Ec) and LF-TeTxLC mice (Db, Dc, and Ed–Eh) are shown. Camera-lucida drawings were prepared from 100 mm (Db, both panels, and Dc, left
panel) or 10 mm (Da and Dc, right panel) plastic-embedded sections of olfactory sensory arbors within glomeruli (dashed lines indicate borders).
Shown in (Ea) is a representative axon arbor within a glomerulus as visualized with b-gal antibody by phase microscopy on a 100-mm-thick sec-
tion. In both genotypes, labelled round varicosities (‘‘b’’ in drawing [Da]; ‘‘d’’ in drawing [Db]) make typical olfactory-sensory-axon contacts within
glomeruli (Eb and Ed), whereas the LAVs (‘‘c’’ in drawing [Da], ‘‘e’’ in drawing [Db], and f in drawing [Dc]) display cytological signs of degeneration
(Ec and Ee–Eh). In (Eb)–(Ed), arrowheads indicate synapses, and in (Ec), (Ee), (Ef), and (Eh), arrows point to multivesicular bodies (mv) and engulfed
structures; the following abbreviations are used: ax, b-gal positive axon terminals; and den, dendrites.and if so, what form it takes (i.e., degeneration or
branch-tip retraction) [18]. The formation of smooth
large axonal varicosities (LAV, 2.5–7 mm in length) due
to accumulation of organelles and disorganized cyto-
skeleton has been proposed as one of the morphologi-
cal signatures of axon degeneration [19]. Therefore, we
initially evaluated the number of LAVs in LF-TeTxLCand LF-tauLacZ axon arbors at the light-microscopic
level (Figure 3A). There is a marked difference in the fre-
quency of LAVs between LF-TeTxLC and LF-tauLacZ
axon arbors (Figure 3B). Moreover, in comparison to
that of control LF-tauLacZ lines (1.84 6 0.18 at age
P14 and 2.00 6 0.18 per 100 mm branch in adult), we
found that the average LAV density is significantly
Current Biology
916Figure 4. BDNF Levels Influence Competi-
tion-Driven Terminal-Axon Arborization
(A) BDNF immunoreactivity (green signal) in
OB. BDNF immunoreactivity was detected
in the soma of mitral cell and periglomerular
cell, as well as within glomeruli, but not in
olfactory epithelium (data not shown). Abbre-
viations are used as follows: MCL, mitral cell
layer; EPL, external plexiform layer; and GL,
glomerular layer. The scale bar represents
50 mm.
(B) Sample images depicting the fate of
OSN-axon terminal arbors in LF-TeTxLC
(top panel), control LF-tauLacZ (middle), or
HF-TeTxLC (bottom) transgenic mice with
normal (BDNF(+/+)) or half normal (BDNF(+/2))
BDNF levels at P14. Note that sample images
were selected as representative of the
changes of arbor complexity, not the number
of LAVs. The scale bar represents 20 mm.
(C and D) Quantitation of OSN-terminal-arbor
complexity in tauLacZ control mice, LF-
TeTxLC mice, or HF-TeTxLC mice, in either
BDNF(+/+) or BDNF(+/2) mice (n = 6 mice per
genotype) at P14. (C) shows the number of
branch points, and (D) shows the total branch
length.
(E) Analysis of LAV density in OSN terminal
arbor in BDNF(+/+);LF-TeTxLC or BDNF(+/2);
LF-TeTxLC mice, as well as in wild-type
tauLacZ control mice.
A single asterisk indicates p < 0.05, and dou-
ble asterisks indicate p < 0.01. Results are
presented as mean + SEM.higher in LF-TeTxLC axon arbors (4.58 6 0.79 at age
P14, p = 0.019; and 5.87 6 0.57 per 100 mm branch at
P28, p = 0.00024) (Figure 3C). Correlated light and elec-
tron microscopical analysis showed that in labeled
axons in control LF-tauLacZ lines, small round terminals
1-2 mm in diameter were positioned en passant along
axon arbor branches (Figure 3Da [indicated by ‘‘c’’; see
Figure 3Eb] and Figure 3Db [indicated by ‘‘d’’; see Fig-
ure 3Ed]). Ultrastructurally, such normally active termi-
nals had abundant and uniform spherical vesicles, as
well as an asymmetrical membrane thickening on the
postsynaptic dendrite [20]. By contrast, the LAVs,
more prominent on LF-TeTxLC axons, commonly
contain membranous organelles, multivesicular bodies
and engulfed structures (compare LAV on LF-tauLacZ
line axon in Figure 3Da [indicated by ‘‘c’’; see Figure 3Ec]
with LAVs on the LF-TeTxLC axons in Figure 3Db [indi-
cated by ‘‘e’’; Figure 3Ee] and Figure 3Dc [indicated by
‘‘f’’; see Figure 3Ef]). The small terminals on the LF-
TeTxLC axons not only have the cytology of the small
terminals on LF-tauLacZ lines (Figure 3Db [indicated
by ‘‘d’’; see Figure 3Ed]) but also show signs of degener-
ation (Figure 3Dc [indicated by ‘‘g’’ and ‘‘h’’; see Figures
3Eg and 3Eh]).
Structural rearrangements in synaptic connectivity,
such as the ones observed here, are often modulated
by neurotrophins, including BDNF, via a mechanism
that influences both synapse and axon branch stability
[21]. We therefore asked whether BDNF signaling plays
a role in shaping the pattern and complexity of axonal
terminal arbors in a competitive environment.Reduction in BDNF Levels Rescues Silent Arbors
from Pruning
Mouse BDNF appears to be absent from OSNs and their
axon terminals, but it is present in the soma and den-
drites of mitral and periglomerular cells ([22] and Fig-
ure 4A). To investigate whether BDNF signaling plays
a role in the structural rearrangement described here,
we reanalyzed the fate of terminal arbors in LF-TeTxLC
lines in a BDNF-deficient environment. We used a previ-
ously described strain where the mouse BDNF gene is
inactivated by homologous recombination [23] and a
series of standard crosses to generate mice that are
heterozygous for the BDNF mutation and that also carry
the OMP-IRES-tTA gene and the LF-tetO-TeTxLC-IRES-
tau-lacZ transgene. Because BDNF homozygous-
mutant mice die at high rates within the first two post-
natal weeks [23], we restricted our analysis to BDNF
heterozygous-mutant mice. Reconstruction of olfactory
terminals from BDNF(+/2);LF-TeTxLC and wild-type
BDNF(+/+);LF-TeTxLC littermates revealed that decrease
in complexity observed in LF-TeTxLC mice at the end of
the second postnatal week is prevented in the back-
ground of BDNF(+/2) mice (Figure 4B). Instead, the arbor
complexity in BDNF(+/2);LF-TeTxLC mice is maintained
at the wild-type level, which is w7 branches per axon
and average branch length of 249.37 6 33.05 mm (Fig-
ures 4C and 4D). Moreover, there is a sharp decrease
in the density of LAVs (1.92 6 0.14 per 100 mm branch,
p = 0.00051 compared to that of LF-TeTxLC) to the levels
observed in wild-type tauLacZ control mice (Figure 4E).
This suggests that reduction of endogenous BDNF level
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917by half [24] is sufficient for reducing the competitive ad-
vantage of the active axons in LF-TeTxLC mice.
Contrary to the dramatic effects on the stability of ax-
onal branches in LF-TeTxLC lines, BDNF deficiency did
not influence substantially axon-arbor morphology in
control LF-tauLacZ. OSNs from BDNF(+/2);LF-tauLacZ
mice showed a modest increase in the number of
branches as compared to BDNF(+/+);LF-tauLacZ (from
approximately seven to nine, p = 0.015) (Figure 4C).
Again, the total branch length did not change sig-
nificantly because of a concomitant decrease of the av-
erage branch length (from 34.36 1.86 to 26.36 2.71 mm,
p = 0.016). Finally, comparison of the arbor com-
plexity between BDNF(+/2);HF-TeTxLC and BDNF(+/+);
HF-TeTxLC lines (Figures 4B–4D) or between MK-801-
treated BDNF(+/2) and MK-801-treated BDNF(+/+) mice
(data not shown) failed to reveal any significant addi-
tional changes in arbor complexity. This finding sug-
gests that the effect of BDNF on competition-induced
pruning is likely to be downstream of OSN synaptic ac-
tivity. Reduction of sensory activity during the first two
postnatal weeks does not affect BDNF levels in mitral
cells in rats [22]. Consistent with these findings, we do
not see any significant changes in BDNF levels in mitral
cells from HF-TeTxLC line at P14 (data not shown). Thus,
activity-dependent modulation of total BDNF levels
does not appear to be important, and instead, regulated
(activity-dependent) release of BDNF may be involved.
AKnocked-In BDNFmet Variant Deficient in Regulated
Secretion Rescues Silent Arbors from Pruning
Measuring directly regulated release of BDNF in the glo-
meruli is not feasible. However, a recently identified pri-
mate-specific variant in the BDNF prodomain (val66met)
that has shown to impair regulated secretion both
in vitro and in vivo [25] has provided us with a genetic
tool to investigate whether regulated release of BDNF
plays a role in the structural rearrangement described
here. We generated two mouse strains where the mouse
BDNF coding sequence was substituted by the corre-
sponding human BDNF sequence carrying either a met
(BDNFmet) or a val (BDNFval) allele (see Figure 5A and
Experimental Procedures).
By using a series of standard crosses, we reanalyzed
the fate of terminal arbors of the LF-TeTxLC lines in ho-
mozygous human BDNF(met/met) and human BDNF(val/val)
background, as well as in wild-type mouse BDNF(+/+)
littermate mice. Reconstruction of olfactory terminals
from BDNF(met/met);LF-TeTxLC, BDNF(val/val);LF-TeTxLC,
and BDNF(+/+);LF-TeTxLC littermates revealed that the
decrease in complexity observed in LF-TeTxLC mice
at the end of the second postnatal week is prevented
in the background of BDNF(met/met) mice but not in the
background of BDNF(val/val) or wild-type BDNF(+/+) litter-
mate controls (Figure 5B). Instead, the arbor complexity
in BDNF(met/met);LF-TeTxLC mice is maintained atw6.5
branches per axon and the total branch length is main-
tained at 208.74 6 10.37 mm (Figures 5C and 5D). More-
over, there is a sharp decrease in the density of LAVs
(1.83 6 0.37 per 100 mm branch, p < 0.001) compared
to that of LF-TeTxLC to the levels observed in LF-
tauLacZ control mice (6.0 6 0.6, Figure 5E). This sug-
gests that reduction in regulated BDNF release is
sufficient to reduce the competitive advantage of theactive axons in LF-TeTxLC mice. Contrary to the dra-
matic effects on the stability of presynaptic axonal
branches in LF-TeTxLC lines, BDNFmet does not influ-
ence substantially axon-arbor morphology in control
LF-tauLacZ (Figure 5B). OSNs from BDNF(met/met);LF-
tauLacZ mice showed almost the same number of
branches as compared to BDNF(val/val);LF-tauLacZ
mice, and the total branch length did not change signif-
icantly (Figures 5C and 5D). This discrepancy with the
BDNF(+/2);LF-tauLacZ line (Figure 4C), if not caused by
experimental variation, it may reflect differences in the
degree of release reduction [25].
Reduction in p75(NTR) Levels Rescues Silent Arbors
from Pruning
A good candidate to mediate the inhibitory effects of
BDNF is the neurotrophin receptor p75(NTR), which
can promote inhibition in certain contexts by integrating
diverse growth-inhibitory cues, including those from
neurotrophins and myelin proteins [26]. p75(NTR) is lo-
calized to OB glomeruli [26] and the ensheathing glia
[27], as well as to periglomerular cells, but not to mitral
cells (Figure 6A).
We used a previously described strain where the
p75(NTR) gene is mutated in exon III by homologous re-
combination [28] to generate mice that are heterozygous
or homozygous for the p75(NTR) mutation that also
carry the OMP-IRES-tTA gene and the LF-tetO-
TeTxLC-IRES-tau-lacZ transgene. Reconstruction of
olfactory terminals from heterozygous p75(NTR)(+/2),
homozygous p75(NTR)(2/2) and wild-type p75(NTR)(+/+);
LF-TeTxLC littermates revealed that the decrease in
complexity observed in LF-TeTxLC mice at the end of
the second postnatal week is prevented in a gene-
dosage-dependent manner in the background of
p75(NTR) deficient mice (Figures 6B–6D). Arbor com-
plexity in heterozygous p75(NTR)(+/2);LF-TeTxLC mice
is maintained at w4 branches per axon, whereas arbor
complexity in homozygous p75(NTR)(2/2);LF-TeTxLC
mice is maintained at the wild-type level ofw7 branches
per axon (Figure 6C). Unlike the effect observed in
heterozygous BDNF(+/2);LF-TeTxLC mice, p75(NTR) de-
ficiency did not restore the total branch length to wild-
type levels (Figure 6D) and only partially abolished emer-
gence of LAVs (Figure 6E). Thus, reduction or elimination
of endogenous full-length p75(NTR) is sufficient to re-
duce the competitive advantage of the active axons in
LF-TeTxLC mice but not to the extent observed after
reduction in BDNF levels (Figures 6C–6E) (see also
Supplemental Data). Finally, comparison of the arbor
complexity between p75(NTR)(2/2);HF-TeTxLC and
p75(NTR)(+/+);HF-TeTxLC lines (Figures 6B–6D) failed
to reveal any significant additional changes in arbor
complexity, although the positive effect of global pre-
synaptic inactivity on the total branch length appeared
to be somewhat attenuated in p75(NTR)(2/2) mice.
Discussion
Here, we present a genetic approach in which individual
axon terminals can be visualized at high resolution, and
synaptic vesicle release can be manipulated in small
random subset of OSN axons to mimic a genuine
competitive process. To our knowledge, this is the first
Current Biology
918Figure 5. BDNFmet Variant Influences the Competition-Driven Terminal-Axon Arborization
(A) Mouse genomic DNA (indicated in red) spanning the mouse BDNF gene and including flanking sequence 11 kb upstream and 3 kb down-
stream was cloned into the self-excisable pACN/neo cassette. The BDNFmet and BDNFval targeting constructs were generated by replacement
of the mouse coding sequence with the corresponding 274 bp long homologous human sequence (shown in blue) carrying either the val or the
met allele.
Because the mouse and human protein differ in 11 aminoacid residues all located within the swapped 274 bp region, this genetic manipulation
essentially ‘‘humanizes’’ the entire coding region of the mouse BDNF gene, thus resulting in two transgenic mouse strains in which human
BDNFmet or BDNFval gene transcription is regulated by endogenous mouse BDNF regulatory elements. Homologous recombination in targeted
embryonic stem cell clones was confirmed by Southern blotting and hybridization, with a diagnostic Mfe1 restriction digest and a probe whose
location is marked by an orange box. Predicted fragments (5.9 kb or 3.8 kb) are indicated, and results of the Southern-blot analysis are shown at
the bottom panel (left). A diagnostic restriction enzyme analysis with Pml1 on DNA from tail-biopsy samples from BDNF(met/+) and BDNF(val/+)
heterozygous knockin mice is also shown in the bottom panel (middle). Total levels of BDNF from OB extracts prepared from BDNF(met/met)
and BDNF(val/val) and littermate BDNF(+/+) control mice, as well as a representative western blot, are also shown in bottom panel (right). Total
levels of BDNF are comparable to those of wild-type BDNF(+/+) littermates; data were normalized to b-actin and represent mean 6 SEM of nor-
malized optical densities for five mice per group.
(B) Sample images depicting the fate of OSN-axon terminal arbors in LF-TeTxLC (top panel) and control LF-tauLacZ (bottom panel) in wild-type,
BDNF(met/met), and BDNF(val/val) knockin mice at P14. The scale bar represents 20 mm.
(C and D) Quantitation of OSN-terminal-arbor complexity in control LF-tauLacZ and LF-TeTxLC mice, inBDNF(met/met) andBDNF(val/val), as well as
in littermate BDNF (+/+) control mice (n = 5 mice per genotype) at P14. (C) shows the number of branch points, and (D) shows the total branch
length. Note that results from wild-type mouse BDNF (+/+) littermate mice from the two crosses were pooled because they showed identical
patterns of terminal arborization. Double asterisks indicate p < 0.01.
(E) Analysis of LAV density in OSN terminal arbor in BDNF(met/met) and BDNF(val/val), as well as in littermate BDNF(+/+) control mice crossed to
LF-TeTxLC or LF-tauLacZ lines. Double asterisks indicate p < 0.01. Results are presented as mean + SEM.genetic in vivo competition paradigm at single-axon res-
olution in the olfactory system and in the mammalian
CNS, in general. We use this competition paradigm to
begin identifying the molecular and cellular substrates
upon which activity-based competition may operate.
At the molecular level, we provide evidence for a spe-
cific effect of BDNF signaling on terminal-arbor pruningunder competition in vivo. What are the potential expla-
nations for the observed neurotrophin effects? Accord-
ing to the ‘‘trophic’’ models that are traditionally evoked
to explain outcomes of axonal competition, synaptic
activity enhances axonal growth mediated by a limiting
trophic factor. Therefore, one possibility is that BDNF
is one of the elusive limiting trophic factors that are
BDNF Signaling in Axonal Competition In Vivo
919Figure 6. p75(NTR) Levels Influence Compe-
tition-Driven Terminal-Axon Arborization
(A) p75(NTR) immunoreactivity (green signal)
in OB. p75(NTR) immunoreactivity was de-
tected within glomeruli, as well as in the
soma of some periglomerular cells (represen-
tative arrowheads) and in ensheathing glia
(asterisks). Note the absence of immunoreac-
tivity from the mitral-cell layer. Abbreviations
are used as follows: MCL, mitral-cell layer;
EPL, external-plexiform layer; GL, glomerular
layer; and ONL, outer-nerve layer. The scale
bar represents 50 mm.
(B) Sample images depicting the fate of OSN-
axon terminal arbors in LF-TeTxLC (top
panel), control wild-type (middle panel), or
HF-TeTxLC (bottom panel) transgenic mice
in the presence or absence of the p75(NTR)
mutation, at P14. The scale bar represents
20 mm.
(C and D) Quantitation of OSN-terminal-arbor
complexity in control mice, LF-TeTxLC trans-
genic mice, or HF-TeTxLC transgenic mice, in
heterozygous p75(NTR)(+/2), homozygous
p75(NTR)(2/2), or wild-type p75(NTR)(+/+) (n =
6 mice in each genotype) at P14. (C) shows
the number of branch points, and (D) shows
the total branch length. Double asterisks indi-
cate p < 0.01.
(E) Analysis of LAV density in OSN terminal
arbor in p75(+/+);LF-TeTxLC or p75(2/2);LF-
TeTxLC mice. A single asterisk indicates p <
0.05. Results are presented as mean + SEM.‘‘soaked-up’’ by active and synaptically stabilized termi-
nals, and such an effect leads to a ‘‘starvation’’-induced
death of the synaptically inactive ones. However, it ap-
pears counterintuitive that reduction of the already lim-
iting trophic-factor levels will be sensed by competing
terminals as being less restrictive than normal levels.
Another, conceptually related possibility is that neuro-
trophin deficiency indirectly alters presynaptic function
[29], or interferes with maturation of postsynaptic neu-
rons or synapses between OSNs and postsynaptic
neurons [30], and, as a result, active OSN axons are pre-
vented from ‘‘expressing’’ their competitive advantage.
A third possibility is that BDNF or pro-BDNF is a ‘‘puni-
tive’’ signal or, more generally, modulates the signaling
cascades involved in ‘‘punitive processes,’’ perhaps
acting through p75(NTR) leading to active retraction of
inactive axons. This possibility is also supported by
the finding that p75(NTR) can promote inhibition by inte-
grating diverse growth-inhibitory cues [31] and most im-
portantly supported by a recent independent obser-
vation that p75(NTR) can mediate the inhibitory effects
of BDNF on axon growth in a competitive environment
in vitro [32]. In addition, p75(NTR) was recently shown
to mediate local activation of caspases at the presynap-
tic terminals of OSNs after NMDA-mediated excitotoxic
death of OSN target neurons in the OB [26]. Given that
the biologically active neurotrophin proforms bind to
p75(NTR) with approximately 1000-fold higher affinity
compared to the mature form [33], it is tempting to spec-
ulate that presynaptic-activity- and NMDAR-activity-
dependent secretion of pro-BDNF by postsynaptic mi-
tral and periglomerular neurons induces axon-branchregression via p75(NTR)-mediated signaling [33]. Inter-
estingly, recent studies have established that a signifi-
cant proportion of the processing of pro-BDNF to ma-
ture BDNF occurs extracellularly by proteases on the
cell surface or extracellular space, and the level of these
proteases determines the balance of BDNF forms (pro or
mature) produced [34]. Therefore, TeTxLC-expressing
neurons with impaired synaptic-vesicle turnover may
be more vulnerable because, for example, they fail to se-
crete extracellular proteases that trigger proteolytic
cleavage of pro-BDNF [35], or because of local upregu-
lation of p75(NTR) protein levels and signaling at the pre-
synaptic terminal. It should be noted, however, that
such interpretations are tempered by the fact that in ad-
dition to olfactory terminals, p75(NTR) is also expressed
in periglomerular cells and ensheathing glia, and there-
fore the site of p75(NTR) action and whether it exerts
a direct or indirect effect on presynaptic OSN terminals
is still unclear. In addition, although reduction in both
BDNF and p75(NTR) levels rescue inactive arbors from
pruning, there are important differences in the pattern
and extent of rescue. Whether such differences are
due to involvement of additional neurotrophin receptors
and ligands will be the subject of future investigation.
At the cellular level, our analysis demonstrated that
branch elimination rather than cell death is the most
proximal effect of competition, with disabled OSNs
with fewer terminal branches and enlarged terminals
lingering for extended periods of time. The axonal de-
generation observed here appears to be mechanistically
related to the local degeneration events (short-branch
withdrawal) observed in cortical axons [18] and in the
Current Biology
920Drosophilamushroom body neurons [36], which is partly
mediated by the ubiquitin-proteasome system [37].
Our results may have important implications for un-
derstanding the topographic formation and refinement
of the olfactory, as well as of other sensory maps [38].
In the olfactory system, in particular, previous work re-
vealed that activity-based competition modulates the
OSN projection pattern [11]. Here, we show that similar
to the visual system, competition also modulates the
branching of the olfactory terminal arbors. Whether
these two effects are causally linked is still unknown
and will be the focus of future experiments. The possibil-
ity that BDNF signaling contributes to the initial forma-
tion of the olfactory bulbar map has been convincingly
excluded [39], but its potential role on map refinement
[12] is predominantly unexplored. By contrast, p75(NTR)
has already been implicated in normal topographic pro-
jections in the olfactory system, on the basis of the ap-
pearance of ectopic and disorganized glomeruli in the
p75(NTR)(2/2) mice [40].
Finally, our results also provide novel insights into
neuropsychiatric diseases and traits modulated by the
val66met BDNF variant. It is worth noting that one of
the most consistent effects of this variant is in modulat-
ing the risk of childhood-onset psychiatric disorders [41,
42]. In these cases, the effect of the met66 allele appears
to be almost invariably protective. In that regard, it is
tempting to speculate that this allele may protect
against these disorders, at least in part, by restricting
the level of activity-dependent pruning of afferents in
key brain regions during development depending on
the local expression pattern of neurotrophins and their
receptors. Consequently, the BDNFmet and BDNFval
strains could become a useful genetic tool to test this
hypothesis.
Experimental Procedures
Generation of Transgenic Mice
Generation of tetO-TeTxLC-IRES-tau-lacZ transgenic mice has
been described in detail previously [11] and is described in more
detail in Supplemental Experimental Procedures. The BDNF and
p75(NTR) mutants are also described in Supplemental Experimental
Procedures.
Generation of BDNFmet and BDNFval Knockin Alleles
A 370 bp fragment, located 50 of the mouse BDNF coding region,
was amplified from genomic mouse DNA with the following primers:
50-ACAGATGTAGTAAAACGTTGGAG-30 and 50-TTACTGATCCACTC
CAGCTGC-30. This fragment was subcloned into pGEMT (Promega)
with T-A cloning and was used as a probe against a 129 Sv/Ev BAC
library. One of the identified BAC clones was expanded for use in the
generation of targeting constructs. Flanking sequence 11 kb up-
stream (long arm) and 3 kb downstream (short arm) of the BDNF
gene was PCR-ed from the BAC clone using the following sets
of primers: 50-GCGGCCGCCAGGCTCTATTTGATTATAAAATAG-30,
50-GGCCGGCCATGTGCACTGAATTTCAGTTCAG-30 and 50-ACGCG
TCGACTGACT GCCTGCGACAAACTT-30, 50-GGCGCGCCTCAGCC
CTGGTTCATGGATCCTG-30.
Additionally, 274 bp of sequence including the 50 UTR and a por-
tion of the coding sequence was amplified from human DNA ex-
tracted from a Val/Val or a Met/Met individual with the following
primers: 50-ACCAGGTGAGAAGAG TGATGACCATCCTTTTCCTT
AC-30 and 50-CACCCGGGA CGTGTACAAGTC-30. The long arm
was further modified into the long armval and the long armmet frag-
ments by excision of the mouse sequence located between unique
XmaI and SexAI sites, aligned with the human 274 base pair
fragment, and replacement with sequence from the Val/Val or theMet/Met individuals. Finally, the BDNFmet and BDNFval knockin con-
structs were assembled, by cloning the corresponding long arms
into the AscI site of the pACNIII targeting construct [14] (50 of a self-
excisable neo cassette) and the short arm into the NotI and FseI
sites, located at the 30 of this cassette. All PCR reactions related to
the generation of this construct were conducted with the Expand
High Fidelity kit (Roche), and subcloning steps involved the use of
the Rapid Ligation Kit (Roche) or the Infusion Kit (BD Biosciences).
A total of 70 mg of each plasmid (BDNFmet and BDNFval) was electro-
porated into 129 Sv/Ev embryonic stem cells. Twenty-four hours
after electroporation, neomycin selection was applied and approxi-
mately 400 clones were picked for each construct after 5 days of
selection. These clones were analyzed with a PCR approach, ex-
panded, and confirmed with Southern-blot analysis. The restriction
enzyme MfeI was used to digest ES cell DNA, and a probe located
outside the targeting construct (at the 30 end) generated a 5.9 kb tar-
geted band and a 3.8 kb wild-type band in correctly targeted clones.
Both constructs recombined at a rate ofw1%. Upon germline trans-
mission, DNA extracted from tail-biopsy samples of both lines of
mice was genotyped with the human primers described above,
and this was followed by a diagnostic restriction-enzyme analysis
with either PmlI (BDNFval) or BmgBI (BDNFmet).
Tissue Preparation
Mice were transcardially perfused with cold 4% paraformaldehyde
(PFA) in 0.1 M phosphate buffer saline (PBS), and the brains were re-
moved and postfixed in 4% PFA overnight at 4C. Fixed brains were
used for immunochemistry or dye embedding.
Evaluation of Axon Arbors
Axonal arbors were evaluated as described previously [15] for the
number of branch points and total length of branches. The total
length of branches (in micrometers) was measured as the summed
length of all branches from the first branch point within the glomer-
ulus onward. All variables were statistically evaluated with the
Mann-Whitney Test. A minimum of ten axonal arbors from each an-
imal (n = 5–6 animals per age group/per genotype) were evaluated. In
the LF lines, the majority of the labeled glomeruli (>70%) contained
one or two synaptically inactive axons and the rest contained three
or more axons. Importantly, we did not observe any spatial bias in
the distribution and bulbar projections of expressing OSNs in the
LF lines. In order to account for some potential confounding influ-
ences related to the location of the examined OSNs in the olfactory
epithelium and the location of their projections to the OB, we sam-
pled from the entire bulb without any spatial bias. Because of the
high staining background associated with DiI, the number of glomer-
uli with one or two terminal was relatively low (w30%), but we made
every effort to sample from several animals and bulbar locations to
minimize any spatial bias.
Additional Analyses
Dye labeling, immunohistochemistry, electron microscopy, in vitro
tracer injections, drug treatment, and western blotting are all de-
scribed in the Supplemental Experimental Procedures.
Supplemental Data
Additional Results and Experimental Procedures and three fig-
ures are available online at http://www.current-biology.com/cgi/
content/full/17/11/911/DC1/.
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